Background: Rates of insulin resistance are increased in HIV-infected patients on stable antiretroviral therapy (ART). Such increase may partially be due to HIV-induced immune dysregulation involving monocytes (MO) and its subsets.
Introduction
Abnormalities of glucose metabolism occur commonly among HIV-infected patients on stable antiretroviral therapy (ART) [1] and may contribute to increased rates of cardio-metabolic complications. The etiologies for the higher prevalence of insulin resistance and diabetes among ART-treated individuals with chronic HIV are likely multifactorial including the possible effects of various antiretroviral medications, presence of lipodystrophy, co-infection with hepatitis C virus (HCV), higher rates of hypogonadism, and higher rates of traditional risk factors in some HIV populations such as obesity and physical inactivity [1] . HIVinduced immune dysregulation and inflammation may also play a role in the increased prevalence of insulin resistance and diabetes. Low CD4 count is an independent risk factor for altered insulin sensitivity [2] . Higher systemic levels of C-reactive protein (CRP), and soluble receptors of tumor necrosis factor-alpha (TNF-a), sTNF1 and sTNF2, accompany incident diabetes after initiation of HIV antiretroviral therapy [3] .
While studies of HIV-induced immune activation have traditionally focused on the role of CD8 T cells, there is increasing interest in the role that MO may play in non-infectious complications seen among individuals with chronic HIV. MO originate in the bone marrow and circulate in the peripheral blood for 123 days before differentiating into macrophages within various tissues. MO are a heterogeneous population of cells, and are classified by international consensus into several subsets on the basis of their CD14 and CD16 surface expression: classical MO lacking CD16 expression (CD14 ++ CD16 2 ) and those expressing CD16 comprised of intermediate (CD14 ++ CD16 + ) and nonclassical (CD14 low/+ CD16 ++ ) MO [4] . We have recently published data reporting the identification of a fourth MO subset which we have termed 'transitional' MO. This transitional MO subset is characterized by reduced but still detectable levels of CD14 (CD14 + CD16 2 ) and is associated within our cohort of HIVinfected individuals on stable ART with increases in carotid intima-media thickness, a well-established marker of arterial injury [5, 6] . Classical MO account for roughly 80290% of circulating MO in normal healthy individuals. This population has been reported to increase in acute inflammation and to be rapidly recruited to sites of infection [7, 8, 9] . The CD16-containing population increases with aging and chronic inflammatory disorders, and compared to classical MO, shows higher expression of pro-inflammatory cytokines, higher potency in antigen presentation, and is more permissive for productive HIV infection [10, 11, 12] . The CD16-containing MO subset expands with HIV infection and is increased in subjects with HIV-associated neurocognitive disorders [13, 14] . An increase in non-classical MO has been reported to correlate with HIV disease progression in ART-naïve subjects [15] . Increases in both non-classical and intermediate MO subsets similar in pattern to those in HIVuninfected subjects with acute coronary syndrome have been reported in HIV-infected individuals with uncontrolled HIV disease [14] . In the general population, increases in circulating MO have been observed in diabetic subjects compared to nondiabetic controls [16, 17, 18] . CD16-bearing MO subsets have been reported to be increased in patients with type 2 diabetes and in particular in those with diabetic complications such as renal disease [16, 19] . Taken together these data indicate a potentially important role for MO populations in the pathogenesis of HIVassociated cardio-metabolic disorders.
This study sought to understand how HIV-induced immune dysregulation influences MO and its subsets, and to then assess the relationship of these MO to insulin resistance and glucose dysregulation among HIV infected individuals on stable ART. We also assessed CD8 T cell activation levels and levels of various soluble plasma biomarkers as these parameters are known to play a substantial role in HIV immune dysregulation. We found that HIV immune dysregulation, as assessed specifically by CD4 percent but not as absolute CD4 count, is associated with an increase in MO with a very modest increase in the percentage represented by non-classical MO. In turn, we found that an increase in MO, primarily accounted for by an increase in classical MO, is associated with insulin resistance independent of HIV immuno-virologic and traditional diabetes risk factors and with metabolic syndrome. We further found that multiple positive correlations exist between numbers of total MO and/or its subsets and levels of various soluble plasma biomarkers including CRP, interleukin-6 (IL-6), matrix metallopeptidase-9 (MMP-9), myeloperoxidase (MPO), serum amyloid A (SAA), serum amyloid P component (SAP) and tissue plasminogen activator inhibitor-1 (tPAI-1). Levels of tPAI-1 increase as CD4 percent decreases and predict insulin resistance in an adjusted model.
Materials and Methods

Subjects and Study Design
We analyzed entry data of participants enrolled into the Hawaii Aging with HIV-Cardiovascular (HAHC-CVD) cohort, a 5-year longitudinal study investigating the role of immune activation and mitochondrial-specific oxidative stress on the pathogenesis of cardiovascular disease among HIV-infected patients on ART. The study was approved by the Committee on Human Subjects of the University of Hawaii and written informed consents were obtained from all participants.
Entry criteria required subjects to have documented HIV infection, be at least 40 years old, and be on stable ART for $ 6 months. Blood pressure and waist and hip measurements were obtained in triplicate and averaged. Body mass index (kg/m 2 ) was calculated. CBC, T cell subsets, plasma HIV RNA assessments, chemistries and metabolic labs (glucose, insulin, total, directly measured LDL and HDL cholesterol, and triglycerides) were obtained at entry in a fasted state (nothing by mouth except water for 12 hours). Subjects were assessed for past and current tobacco use. All subjects without known history of diabetes underwent an oral glucose tolerance test (OGTT). Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) was calculated using the formula: [pre-OGTT glucose (mg/dL) X pre-OGTT insulin (uIU)]/405.
Subjects were grouped by glucose dysregulation according to the American Diabetic Association Guidelines utilizing fasting glucose and results of the OGTT [20] . Impaired fasting glucose (IFG) was defined as fasting glucose between 100 and 125 mg/dL and impaired glucose tolerance (IGT) as a 2-hour OGTT glucose level between 1402199 mg/dL. Diabetes was defined as selfreported history of diabetes, use of diabetic medications, fasting blood glucose $ 126 mg/dL or a 2-hour OGTT glucose level .200 mg/dL. Subjects were categorized as having metabolic syndrome utilizing the parameters as proposed by the National Cholesterol Education Program's Adult Treatment Panel III report (ATP III) [21] .
Cell Flow Cytometry
Blood was separated within 30 minutes of the blood draw and peripheral blood mononuclear cells (PBMC) were isolated using Ficoll-Hypaque density gradient centrifugation (Pfizer, Inc., New York, NY). Separated PBMC and plasma were cryopreserved for future phenotypic analyses of cells and plasma cytokines. Banked PBMC were phenotyped based on CD14 and CD16 cell surface expression into 4 The total MO count was calculated using white blood cell count (WBC) and percent MO values on the CBC conducted as part of entry evaluations on the same blood specimen as that utilized for flow cytometry. The CBC was performed by Diagnostic Laboratory Services (DLS), Inc., a local commercial Clinical Laboratory Improvement Amendments ACT (CLIA)-certified laboratory. Total numbers in each MO subset were then derived by multiplying the number of total MO by the percent of total MO representing each MO subset as derived from cell flow cytometry.
Similarly, the number of total CD8 T lymphocytes was obtained from T cell subset analyses performed by DLS as part of entry evaluations. The number of activated CD38
+ HLA-DR + CD8 T cells was derived by multiplying the total number of CD8 T cells by the percentage of CD8 T cells co-expressing CD38 and HLA-DR as assessed by flow cytometry.
Plasma Soluble Biomarkers
Testing was conducted using Milliplex Human Cardiovascular Disease panels (EMD Millipore, USA) as outlined in the manufacturer's protocols. Soluble biomarkers assessed included MMP-9, MPO, tPAI-1, CRP, SAA, SAP, IL-1b, IL-6, IL-8, IL-10, TNF-a, soluble E-selectin (sE-selectin), soluble vascular cell adhesion molecule-1 (sVCAM-1), soluble intercellular cell adhesion molecule-1 (sICAM-1), monocyte chemoattractant protein-1 (MCP-1), vascular endothelial growth factor (VEGF), interferongamma (IFN-c), and N-terminal pro-brain natriuretic peptide (NT-proBNP).
Statistical Analyses
Demographic, clinical and immunologic information was summarized by median (quartile1, quartile3) values for continuous variables and frequency (percentage) for categorical variables. Continuous variables were first log 10 -transformed to improve normality before further analyses if their distributions were skewed. Correlations between variables were performed by Pearson correlation. The relationships between HOMA-IR and various immune variables were assessed by univariate and multivariate linear regression analyses, adjusting for immunovirologic and HIV specific factors as well as for risk factors for insulin resistance and diabetes. For soluble plasma biomarkers, biomarkers were examined by multivariate analysis if the univariate analysis produced a p,0.10. MO differences by diabetes categories and by presence or absence of metabolic syndrome were assessed by ANOVA and ANCOVA. All statistical analyses were conducted in SPSS (IBM, Version 21). A two-sided p-value , 0.05 was regarded as statistically significant.
Results
Patient Characteristics
A total of 141 subjects enrolled into the HAHC-CVD cohort who had available MO phenotype data were included in this analysis. The demographic, clinical, and immunologic characteristics of the subjects are summarized in Table 1 . The majority of the subjects were male and of Caucasian ethnicity. Entry criteria for the cohort required subjects to be on ART and 86.5% of these subjects were virologically suppressed at a plasma HIV RNA level of , 50 copies/mL. The study recruited subjects age 40 or older, and the median age of the selected subjects in this dataset was 50 years. The median current CD4 count (percent) was relatively high at 505 cells/mL (29%) but the median self-reported nadir CD4 was relatively low at 150 cells/mL. A total of 22.3% of the population had evidence of glucose dysregulation. The median MO percent was 8%, and the median total MO count was 400 cells/mL. By subsets, the classical MO comprised the majority (76%) of the MO population with intermediate, non-classical and transitional MO comprising the rest in our gating strategy. The association between CD4 percent and MO can be seen visually in Figure 2 which shows the median total and subset MO numbers categorized by CD4 percent quartiles. Total MO increased in stepwise fashion with lower CD4 percent quartiles. All MO subsets contributed to this increase, although with a slightly higher contribution from non-classical MO. This could be demonstrated by the negative correlation between CD4 percent and percent (rather than the absolute value) of MO comprising non-classical MO (r = 20.19, p = 0.024).
Because decreases in CD4 percent can result not only from a decrease in the number of CD4 T cells but by an increase in other lymphocyte cell types including CD8 T cells, we assessed the relationship between CD4 percent and CD8 T cell parameters. CD4 percent correlated negatively with log-total CD8 T cells (r = 20.45, p,0.001) and with log-total CD38+HLA-DR+CD8 T cells (r = 20.49, p,0.001). In turn, log-total CD8 T cell count correlated positively with log-total MO (r = 0.35, p,0.001), logclassical MO (r = 0.27, p = 0.001), and log-transitional MO (r = 0.29, p = 0.001), with marginal significance with log-nonclassical MO (r = 0.16, p = 0.061). Similar relationships were seen for activated CD8 T cells. Log-CD38
+ HLA-DR + CD8 T cells correlated with log-total MO (r = 0.36, p,0.001), log-classical MO (r = 0.29, p,0.001), log-transitional MO (r = 0.29, p = 0.001), and log-non-classical MO (r = 0.20, p = 0.018). No correlation was seen between log-CD38+HLA-DR+CD8 T cells and log-intermediate MO (r = 20.02, p = 0.81).
The database was examined for any correlations between CD4 percent and various soluble plasma biomarkers. Total CD4 count did not correlate with any soluble plasma biomarkers assessed. 
Relationship of Cellular and Soluble Plasma Biomarkers to HOMA-IR
No associations were seen between CD4 percent or log-total CD4 count and HOMA-IR (r = 20.08, p = 0.359 and r = 0.05, p = 0.581 respectively). Similarly, there was no association between CD8 T cell parameters (CD8 percent, log-total CD8 T cells, log-total CD38+HLA-DR+CD8 T cells) or log-CD4/CD8 ratio and HOMA-IR. However, log-total MO (r = 0.26, p = 0.002) and log-total classical MO (r = 0.26, p = 0.002) correlated positively with HOMA-IR. These associations are shown graphically in Figure 3 which depicts the quantity of total MO and its subsets by increasing HOMA-IR quartiles. The increase in total MO with higher HOMA-IR quartiles was contributed primarily by an increase in classical MO.
The relationship of MO to HOMA-IR was examined further in multivariate linear regression models with HOMA-IR as the dependent variable, adjusting for immuno-virologic and HIV specific factors (CD4 percent, presence/absence of plasma HIV RNA, and current protease inhibitor use) as well as for traditional risk factors for diabetes (age, gender, race, hepatitis C, smoking, body mass index [BMI]). Of these parameters, BMI (b = 0.03, p,0.001) and self-reported hepatitis C co-infection (b = 0.21, p = 0.021) were significantly associated in univariate linear regression with log-HOMA-IR. As shown in Table 2 using our multivariate model, log-total MO (b = 0.42, p = 0.018) remained a significant predictor of log-HOMA-IR. When this relationship was examined individually by specific MO subsets, log-classical MO was also a significant predictor (b = 0.35, p = 0.023), but not the other subsets.
Univariate linear regression was used to identify soluble plasma biomarkers associated with log-HOMA-IR to select biomarkers for testing in multivariate models. The following biomarkers were associated with log-HOMA-IR in a univariate model at p,0.10 level: sE-selectin, tPAI-1, CRP, SAP, IL-6, and IL-8. When examined by multivariate linear regression adjusting for immunovirologic and cardio-metabolic parameters as performed for MO, log-tPAI-1 (b = 0.74, p,0.001) alone remained associated with log-HOMA-IR (Table 3) .
Relationship of Cellular and Soluble Plasma Biomarkers to Fasting Glucose and Clinical Diabetes Classification
The only associations found between cellular biomarkers and fasting glucose values was that between log-total CD4 count and log-fasting glucose (r = 0.17, p = 0.043). This association was no 
Relationship of Immune Parameters to Metabolic Syndrome
No differences were found for individuals with or without metabolic syndrome by CD4 or CD8 parameters. Higher total MO levels were found in subjects with metabolic syndrome: [mean (SD): 504 (143) cells/mL in subjects with vs 427 (161) cells/mL in subjects without metabolic syndrome, p = 0.029]. This result remained significant when adjusted for age, gender and ethnicity (p = 0.013). By subsets, a trend towards significance was seen for difference in classical MO (p = 0.051) and for intermediate MO (p = 0.059). Soluble biomarkers sE-selectin (p = 0.007) and sICAM (p = 0.041) were higher in subjects with metabolic syndrome.
Correlations between Monocytes and Activated CD8 T Cells and Soluble Plasma Biomarkers
The correlations between MO and activated CD8 T cells and soluble plasma biomarkers are shown in Table 4 . Correlations at p,0.01 were seen between CD38 + HLA-DR + CD8 T cells and sICAM and TNF-a. A larger number of positive correlations were found between MO and/or MO subsets and various plasma biomarkers. Specifically, correlations at p,0.01 were found between total MO and CRP, IL-6, MMP-9, MPO, SAA and tPAI-1. Associations between classical MO and intermediate MO and various biomarkers overall mirrored the correlations seen with total MO. Non-classical MO showed correlations at p,0.01 with MCP-1 and SAP. 
DISCUSSION
Our study found that HIV-associated immune dysregulation, as assessed by a decrease in CD4 percent is characterized by an increase in the total MO population with a small rise in the percentage accounted for by non-classical MO. This association was seen specifically with CD4 T cells assessed as a percentage of CD4 T cells and not as an absolute value of total CD4 T cells. In turn, we found that an increase in total MO, comprised largely of classical MO, accompanies insulin resistance. This association remained after adjustment for HIV immuno-virologic and traditional diabetes risk factors. Higher levels of MO were seen in subjects with metabolic syndrome. Positive correlations were detected between MO and many plasma biomarkers. Included among these biomarkers was tPAI-1 which also correlated inversely with CD4 percent, positively with MO levels, and predicted insulin resistance.
Insulin resistance is increasingly recognized as a state of chronic, low-level inflammation [22, 23, 24] . Immune activation and inflammation also occur in the context of HIV and are predictors of HIV disease progression and mortality, and of multiple noninfectious chronic complications [25, 26, 27] . Such activation may be secondary to HIV itself, to co-pathogens such as CMV or hepatitis C, or be secondary to microbial translocation across a damaged gut mucosa [28] . There is also increasing recognition that in addition to CD8 T cells, MO may play a role in the immune activation and inflammation that drive many of these disease processes [29] .
Our study found an association between low CD4 percent and MO increase and, in turn MO increase and increase in insulin resistance. One potential interpretation of the data is that an increase in MO is part of HIV-induced immune activation, and that such increase in turn may drive the increased risk of insulin resistance seen in chronic HIV. While our study did not show a direct association between CD4 count, either as a percent or as total numbers, and insulin resistance or diabetes as shown in larger epidemiologic studies [2, 33, 34, 35] , it is consistent with a study that demonstrated a higher prevalence of elevated sCD14, a marker of MO activation, among HIV-infected veterans with a CD4 cell count ,200 cells/mL [33] . Our inability to find a direct link between CD4 percent and insulin resistance may be related to the small sample size of our cohort.
By subsets, classical, non-classical and transitional MO, but not intermediate MO, contributed to the increase in MO with falling CD4 percent. Non-classical MO represented a slightly larger percentage of this MO increase. The association between CD4 T cells and MO was specifically related to CD4 percent and not to total numbers of CD4 T cells. Decrease in CD4 percent may represent a decrease in total CD4 count or, may also be secondary to increase(s) in other lymphocyte subsets including CD8 T cells. Our study did find a negative correlation between CD4 percent and total numbers of CD8 T cells. However, neither total CD8 T cells nor total activated CD8 T cells explained insulin resistance, while a clear association was seen between total MO or classical MO and insulin resistance in adjusted models. It is worthy of note that a number of studies in the literature have found independent predictive values for percentage of CD4 T cells and CD4 absolute count in respect to HIV disease progression or death [30, 31, 32] . One study explored the role of CD8 T cells as a potential explanation for the association between CD4 percent and disease progression and found that it did not explain this relationship [31] . We speculate that CD4 percent may provide additional information on increased risk for cardio-metabolic complications mediated in part through MO immune activation. Analysis of large cohort datasets to determine whether CD4 percent and MO levels are related to such complications might be considered.
The association between MO and glucose metabolism identified in our study was primarily with insulin resistance with little or no relationship to fasting glucose levels or to diabetes classification. When examined by subsets, we found that classical MO, the largest subset represented, played the most prominent role in the MO increase associated with insulin resistance.
Metabolic syndrome is a constellation of inter-related metabolic risk factors associated with increased risk for the development of diabetes and cardiovascular disease. While its limitations and significance in the context of HIV is uncertain, the metabolic syndrome is closely related to the presence of insulin resistance, and, given the association between MO and insulin resistance found in our study, the finding of increased MO with metabolic syndrome is not surprising, and adds to the likelihood that MO do indeed play a pathologic role in increasing both diabetes and cardiovascular disease risk in the HIV-infected population.
Our study found multiple positive correlations between MO and/or its subsets and plasma biomarkers CRP, IL-6, MMP-9, MPO, SAA, SAP and tPAI-1. Significant correlations were also found between CD38
+ HLA-DR + CD8 T cells and biomarkers sICAM and TNF-a. Interestingly we also found correlations between low CD4 percent and TNF-a and tPAI-1, and correlations between HOMA-IR and CRP, IL-6, SAP, and tPAI-1. This suggests that cellular immune parameters and soluble plasma biomarkers are likely inter-related in the roles they play in HIV immune dysregulation and insulin resistance. These results are furthermore consistent with studies that have found higher levels of hs-CRP and sTNF1 and sTNF2 in association with insulin resistance and diabetes in the context of HIV [3] , [36] .
The associations found for tPAI-1 are worthy of particular attention. TPAI-1 is an inhibitor of fibrinolysis and believed to play a crucial role in the development of atherothrombotic disease. In our study, higher levels of tPAI-1 were associated with lower CD4 percent and predicted insulin resistance in an adjusted model. Our findings are consistent with studies in the general population that have demonstrated associations between high levels of circulating PAI-1 and insulin resistance, diabetes and cardiovascular disease [37, 38] . Levels of PAI-1 have been reported to be higher in HIV infected individuals than in seronegative controls [39] , and to be associated with insulin resistance [40] . It has been linked to protease inhibitor-containing ART [41] , and, in contrast to some other plasma markers of inflammation, have been reported to not improve after the initiation of ART [42] . Our finding of a negative correlation between tPAI-1 and CD4 percent suggests that in addition to the potential role of antiretroviral medications, HIV-associated immune dysregulation may play a role in high tPAI-1 levels seen in the treated population. Furthermore our study links tPAI-1 with total and classical MO but not with T cell activation. This study is limited by its cross sectional nature and the relatively modest size of the cohort. However the strengths of the study are the careful clinical and metabolic characterization performed in the cohort in association with detailed phenotypic characterization of MO and CD8 T cells, and biomarker assays performed in plasma. We conclude that chronic HIV in subjects on stable ART is characterized not only by dysregulation and immune activation of CD8 T cells but also of MO, and that higher levels of MO may contribute to the increased rates of insulin resistance and metabolic syndrome seen in this population. MO may therefore play a substantial role in the increased risk of cardio-metabolic disease during chronic HIV. CD4 percent may provide additional information beyond absolute values about MO and metabolic risk in the HIV-infected population. Increase in MO is associated with increase in multiple plasma soluble biomarkers, including tPAI-1 which also predicts insulin resistance in adjusted models.
